Ca 2 Co 2 O 5 in the brownmillerite form was synthesized using a high-pressure optical-image floating zone furnace, and single crystals with dimensions up to 1.4×0.8×0.5 mm 3 were obtained. 
INTRODUCTION

Cobalt oxides
1 attract both fundamental and technological attention due to the myriad chemically tunable physical properties they exhibit, such as thermoelectricity, 2,3 giant magnetoresistance, 4 superconductivity 5 and multiferroicity 6 . These properties can be traced to the ability of cobalt to adopt several possible oxidation states (Co 2+ , Co 3+ and Co 4+ ), multiple types of coordination (tetrahedral, pyramidal and octahedral), and variable spin states (low spin, intermediate spin and high spin). The former two traits also result in rich crystal chemistry with various structural dimensionalities-3D, 2D, or 1D-that allow a great flexibility of the oxygen framework, making oxygen content an additional important parameter for tuning their physical properties.
seed rods were counter-rotated at 20 rpm and 15 rpm, respectively, to improve zone homogeneity. The travelling speed of the seed was 10 mm/h. After 1.5 hours of growth, the zone and boule were quenched by shutting down the lamp. PXRD measured on pulverized crystals recovered from the boule revealed a phase that could be indexed on a brownmillerite cell. A representative crystal with dimensions of 1.4×0.8×0.5 mm 3 is shown in Fig. 1(a) . The quality of the crystal shown in Fig. 1(a) was evaluated using X-ray diffraction, as shown in Fig. 1(b) , at beamline 11-ID-C at Advanced Photon Source at Argonne National Laboratory with an average wavelength of 0.11165 Å and beam size of 0.8 mm×0.8 mm. AXS SMART three-circle diffractometer equipped with an APEX II CCD detector and Mo Kα radiation (λ=0.71073 Å). Temperature control in the 300-100 K range was provided by an Oxford Cryostream 700 Plus Cooler with uncertainties of ±0.2 K. Preliminary lattice parameters and orientation matrices were obtained from three sets of frames. Full data sets for structural analysis were collected at temperatures of 300, 240, 200 and 100 K with a detector distance of 50 mm. Data integration and cell refinement were performed by the SAINT program of the APEX2 software and multi-scan absorption corrections were applied using the SCALE program for area detector. 38 The structures were solved by direct methods and refined by full matrix least-squares methods on F 2 . All atoms were refined with anisotropic thermal parameters, and the refinements converged for I > 2σ (I). Calculations were performed using the SHELXTL crystallographic software package. 39 Details of crystal parameters, data collection and structure refinement at each temperature are summarized in Table I . Atomic positions at each temperature are listed in Table S1 . Selected bond distances (Å) and angles (°), bond valence sums (BVS), and polyhedral distortion parameters (Δ) are presented in Table II . Additional information in the form of CIF has also been supplied as Supporting Information. Further details of the crystal structures may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666;E-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request_for_de posited_data.html) on quoting the appropriate CSD number 428757-428760. Tetrahedral twist angle High Resolution Variable-Temperature PXRD (HRXRD). HRXRD data were collected at beamline 11-BM of the Advanced Photon Source (APS) at Argonne National Laboratory in the range 0.5° ≤ 2θ ≤ 34° with a step size of 0.001° and wavelength λ=0.41367 Å. A powder sample was prepared by loading pulverized single crystals into a Φ0.3 mm quartz capillary that was spun continuously at 560 rpm during data collection. Diffraction patterns were recorded on cooling at 300, 280, 260, 250, 246-220 (2 K interval), 215, 210-100 K (10 K interval). An Oxford Cryostream 700 plus N 2 gas blower was used to control temperature, and the cooling rate was set to 2 K/min for 300-246 K, 1 K/min for 246-220 K, and 2 K/min for 215-100 K. Temperature was stabilized for five min at each set point prior to data collection. The obtained HRXRD data were analyzed using the GSAS 43 software with the graphical interface EXPGUI 44 using the respective single crystal structural models as starting points. Refined parameters include background, intensity scale factor, 2θ zero offset, lattice parameters, atomic positions (except oxygen), isotropic atomic displacement parameters (U iso , grouped by atomic species), and profile shape parameters. Shifted Chebyshev and pseudo-Voigt functions with anisotropic microstrain broadening terms (function #4) 45 were used for the background and peak profiles, respectively. For two-phase refinements, the profile parameters were constrained to be the same in each phase. The Gaussian terms (GU, GV and GW) were also refined to account for the observed peak shape.
Magnetic Susceptibility. Magnetic susceptibility measurements were performed on single crystals (aligned at beamline 11-ID-C at the APS) using a Quantum Design SQUID magnetometer. The crystal shown in Fig. 1 was attached to a quartz rod using a minute amount of GE-varnish. Zero-field cooled (ZFC) and field cooled (FC) data along crystallographic a-, b-, and c-axis were collected between 1.8 and 400 K under an external field of 0.01 T. ZFC and FC data along the b axis were also recorded under external fields of 0.02, 0.05, 0.1, and 7 T. In the ZFC protocol the sample was cooled in zero field to 10 K at a rate of 10 K/min and then to 1.8 K at a rate of 2 K/min, and dc magnetization recorded while warming (2 K/min from 1.8 to 90 K, 0.5 K/min from 90 to 260 K, and 2 K/min from 260 to 400 K). In the FC protocol the magnetization was recorded while cooling (2 K/min from 400 to 260 K, 0.5 K/min from 260 to 90 K, and 2 K/min from 90 to 1.8 K) in a fixed field. Isothermal field-dependent magnetization at 10 K along a-, b-, and c-axis was measured in a field range of ±7 T following field cooling (10 K/min) under 7 T. Isothermal field-dependent magnetization at 10 K along b-axis was also measured using the following three protocols: (i) slow cooling (2 K/min from above room temperature to 260 K, 0.5 K/min from 260 to 90 K, then 2 K/min from 90 to 10 K) under 7 T; (ii) fast cooling (10 K/min) under 0 T; (iii) slow cooling (2 K/min from above room temperature to 260 K, 0.5 K/min from 260 to 90 K, then 2 K/min from 90 to 10 K) under 0 T. To obtain single crystals of the brownmillerite phase, growth conditions such as oxygen pressure, rotation speed, travelling speed, power, and post-growth cooling rate, were explored. We found that pO 2 indeed is a key factor for Ca 2 Co 2 O 5 formation, with pO 2 ≥50 bar required to obtain high-purity Ca 2 Co 2 O 5 crystals (see Table  II ). Ca atoms are found between the layers to maintain charge balance.
Differential Scanning Calorimetry (DSC
The single crystal X-ray data collected at 240 K can be indexed in the monoclinic crystal system with unit cell dimensions of a=5.29440 (10) the same as that of 300 K, with only subtle atomic rearrangements. The P2/c11 model was also used to successfully refine the high resolution PXRD data (vide infra) at 240 K, which contains a small amount of the Pcmb parent as a second phase.
The crystal structure of Ca 2 Co 2 O 5 at 200 K could be solved easily in the space group P12 1 /m1 (a subgroup of index two of Pcmb) by direct methods, yielding the positions of four Ca atoms, seven Co atoms, and twelve O atoms. No suggestion of disorder of either Co or O atoms was found, and all of the positions are fully occupied. The structure also belongs to the brownmillerite type with interlayer, intralayer and B-site cation ordering the same as at 240 K and 300 K, shown in Fig. 3 . The transformation from P2/c11 to P12 1 /m1 at ~237 K involves the unique axis switching from the ~5 Å axis to the ~15 Å axis. To our knowledge, Ca 2 Co 2 O 5 is the first example of a brownmillerite oxide crystallizing in either of these two monoclinic space groups, P2/c11 47 or P12 1 /m1, expanding the possible family of symmetries adopted by this large class of oxygen-deficient perovskites.
Finally, at 100 K the structure of Ca 2 Co 2 O 5 was solved again in Pcmb. In this re-entrant phase, the positions of two Ca atoms, four Co atoms, and six O atoms were obtained. Final refinement was converged to R obs = 0.0235 and wR obs = 0.0605. Despite the counterintuitive increase in symmetry on cooling, it is straightforward to visualize the re-entrant phase transformation from ordered monoclinic P12 1 /m1 to ordered orthorhombic Pcmb without any substantial rearrangement. Indeed, the atomic coordinates of Ca, Co, and O atoms differ only slightly from those at 300 K (see Table  S1 )
The origin of the re-entrant structural transition in Ca 2 Co 2 O 5 is unclear. Since the structures of Pcmb, P2/c11 and P12 1 /m1 phases are so close to each other, the difference in lattice energy must be subtle, and we might expect that entropic terms in the free energy become important. Our preliminary neutron powder diffraction data 48 collected at 200 and 130 K differ considerably, signaling changes of magnetic structure. Since this magnetic transition falls into the same temperature range as the re-entrant structural transition, it is possible that the spin re-orientation is related to this re-entrant structural transition. Further work -both experimental and theoreticalwill be required to explain this unusual observation. Table I , evolve reciprocally with increasing temperature, i.e., the b axis expands while both a and c axes contract. The magnitudes of thermal expansion are 1.17%, -0.27% and -0.30%, respectively, from 100 K to 300 K. Notably, a minimum in the cell volume is observed at 240 K, indicating occurrence of narrow window of negative volume thermal expansion from 200 to 240 K.
Co-O bond lengths, as shown in Table II , fall in the range of 1.782(4)-2.124(5) Å, comparable to other cobaltites. 1 The shortest and longest Co-O bond distances are both found in the P2/c11 phase, indicating this phase has the largest distortion of the polyhedral building blocks. A measure of the polyhedral distortion (Δ) is calculated using
, where
is the average Co-O distance. 42 The distortion values are presented in According to Abakumov, 36 Hadermann, 37 and Parsons et al., 29 the adoption of various structural types for brownmillerite oxides principally reflects a drive by the structure to minimize the net dipole moment generated by the twisting of the tetrahedral within a chain. Three dipole cancellation schemes have been proposed: (i) When the dipole moment of each chain is small, the noncentrosymmetric space group I2mb is adopted. Small polar domains are suggested to form and align in an antiparallel manner to eliminate a macroscopic polarization. (ii) As the net dipole moment of each chain increases, the micro-domain cancellation scheme is replaced by an interlayer cancellation mechanism associated with the Pnma structure. In this case, any net polarization in one disordered tetrahedral layer is compensated on average by that of another layer. (iii) When the distance between tetrahedral layers becomes too large, interlayer cancellation becomes less favorable than an intralayer mode. In this scenario, Pcmb and C2/c structure types are observed, in which alternating chains within any given tetrahedral layer have oppositely directed polarity, leading to zero net polarization.
We attempted to extend the model of Parsons et al. 29 by calculating the dipole moments of individual tetrahedra and the chains from which they are built. Details of the calculation can be found in the Supplemental Material, and 32 This level of agreement argues for adopting a picture of local chemistry driving tetrahedral distortions, which in turn determine the long-range symmetry of the brownmillerites through the dipole mechanism. Thus, the local moment construct, coupled with the twist-angle ansatz proposed by Parsons et al., offers a more complete picture of the sorting mechanism that can be ultimately be traced to chemical consitutents. Clearly, additional data in this region of the sorting diagram would be desirable to provide a more rigorous test of our model.
High Resolution Variable-Temperature PXRD.
To further investigate the re-entrant structural phase transition, in-situ high-resolution synchrotron X-ray powder diffraction data were collected at the beamline 11-BM of the APS. These measurements amplify the results of the single crystal studies and highlight the first-order nature of the complex phase evolution with temperature. The evolution of these diffraction peaks as well as coexistence regions clearly establishes the three first-order phase transitions on cooling. With decreasing temperature from 300 K, peaks from a second phase are clearly seen at 246 K, 232 K and 140 K. This indicates that the three phase transitions occur above these temperatures, which is consistent with the DSC data.
We refined the patterns collected at 300 K, 240 K, 200 K and 100 K. The histograms and the results of the Rietveld refinements are shown in Fig. 5 . The refined unit cell parameters, phase fraction as well as figures of merit (R wp , R p , χ 2 ) are listed in Table S4 . The 300 K and 200 K patterns were fit as single phase orthorhombic Pcmb and monoclinic P12 1 /m1, respectively. The refinements converged to R wp =13.46% for 300 K data and R wp =12.22% for 200 K data. The 240 K pattern refined as single phase P2/c11 was not satisfactory (see Fig. S4 ), as it yielded relatively poor agreement factors (R wp =13.65%) and unacceptable visual fits to the data. The pattern was then refined as a mixture of Pcmb and the P2/c11 phases obtained from single crystal refinement. This mixed-phase model converged to a substantially improved R wp = 12.87%. The phase fractions were found to be ~20 wt% Pcmb and ~80 wt% P2/c11. This result can be interpreted to result from a sluggish first order phase transition.
The best refinement of the 100 K pattern was also obtained by a mixed-phase model (P12 1 /m1+ Pcmb). The refinement converged at R wp =14.14% with phase fractions of ~8 wt% for P12 1 /m1 and ~92 wt% for Pcmb. Refinement with single phase Pcmb converged to R wp =15.52% with a significantly poorer visual agreement between model and data (see Fig. S5 ). Magnetic Susceptibility. The thermal evolution of the dc magnetic susceptibility for the Ca 2 Co 2 O 5 single crystal is shown in Fig. 6(a) . In the range of 243-350 K the susceptibility is isotropic with no irreversibility between zero-field cooled (ZFC) and field-cooled (FC) data, characteristic of a paramagnetic state. At T=243 K, the susceptibility turns higher, with anisotropy developing. We attribute this feature to long-range antiferromagnetic order, an assignment supported by heat capacity measurements (not shown) and preliminary neutron powder diffraction data. 48 With further decreasing temperature, a broad maximum at T=228 K is observed that shifts to 223 K in a magnetic field of 7 T (Fig. 6(c), inset) , supporting the conclusion that antiferromagnetic ordering occurs within this temperature range. A hysteresis between ZFC and FC data develops between 150-180 K, a consequence of the re-entrant first order phase transition from P12 1 /m1 to Pcmb.
Below 140 K, the ZFC and FC curves diverge, and the FC curve increases toward a plateau, signaling a weak ferromagnetic component directed primarily along the b direction of the crystal.
59 Fig. 6(b-c) show the dc magnetic susceptibility for ZFC and FC protocols at various fields applied along this axis. We see that below 140 K the dc magnetic susceptibility (FC mode) decreases with increasing of external field, joining the ZFC curves when an external field of 7 T was applied. The divergence between ZFC and FC magnetic susceptibility, combined with the magnetic field dependence, point to a ferromagnetic component below 140 K whose coercivity lies between 0.1 and 7 T. A similar offset appears in (a&b) but is not easily discerned at this scale and was not subtracted. We attribute this offset to a small, irreversible ferromagnetic component not arising from Ca 2 Co 2 O 5 .
Figs. 7 (a-c) present the isothermal magnetization data measured at 10 K following fast (10 K/min) cooling under a field of 7 T. A pronouned hysteresis with a large coercivity (~2.5 T) is found for field directed along the b direction alone, confirming the existence of weak ferromagnetism in the specimen. The magnetic response of the Ca 2 Co 2 O 5 specimen depends markedly on the cooling rate and field history, Figs. 7(b, d-f) . Specifically, under ZFC, the 10 K magnetic state is insensitive to the cooling protocol, and a miniscule ferromagnetic hysteresis is found. FC (7 T) slowly leads to the same end (as a consistency check, the data of Fig. 6(c) were collected in a slow-cooling FC mode, and the final state agrees quantitatively with the initial condition of Fig. 7(d) ). Remarkably, changing to a fast-cooling protocol in an external field of 7 T results in a magnetization (M~0.1 µ B /Co, see Fig. 7 (b) ) more than an order of magnitude larger than that observed using the slow cooling rate (M~0.008 µ B /Co, see Fig. 6(c) ). These contrasting data indicate a field-assisted transition into a markedly different, hard ferromagnetic state, that has been kinetically trapped from higher temperature.
We note that the remanent moment under all of these measuring conditions is quite small, 0.0004 -0.1 µ B /Co, and we consider two explanations for this signal: intrinsic weak ferromagnetism from spin-canting or an unidentified ferromagnetic impurity phase. In the case of spin canting, and assuming a nominal 4 µ B moment on each Co If so, the magnetic data of Fig. 7 indicate that the concentration of this phase is of order 3%, assuming S=3/2 intermediate-spin Co 4+ ions (~10% for low-spin S=1/2). It is likely that we would have seen an impurity at this level in the high-resolution synchrotron X-ray diffraction data if it were crystalline, but it could have conceivably escaped our detection if it were amorphous or the particle size were very small. A more restrictive constraint is that the magnetic easy axis of this potential impurity phase must be aligned with the crystallographic b-axis of the main Ca 2 Co 2 O 5 structure, as the FM signal is highly anisotropic below 140 K (Fig. 7(a-c)) . A possible mechanism to achieve this alignment would involve oxygen diffusing into the Ca 2 Co 2 O 5 crystal during the growth or cooling processes, filling the O vacancies in the tetrahedral layers to form nanoscale, uncorrelated regions of a putative ferromagnetic CaCoO 3-x that would have likely escaped detection by X-ray diffraction. This mechanism would naturally lead to an epitaxial relationship with the matrix phase, and one could imagine the possibility of an alignment of the magnetic easy axis with that of the brownmillerite. Unfortunately, at this time our data do not allow us to distinguish conclusively between the intrinsic and extrinsic models for the weak ferromagnetism. Attempts to oxygenate Ca 2 Co 2 O 5 are underway. If successful, this will allow us to differentiate between these two scenarios and to explore reliably the nature of the field-induced, kinetically trapped state shown in Fig. 7 . Magnetization data also imply the potential of a distinct, field-induced phase arising uniquely from the P12 1 /m1 structure, revealed as kinetically trapped by a rapid-cooling protocol.
CONCLUSIONS
Finally, the present study demonstrates a robust platform for the synthesis of new ordered anion-deficient Co-based perovskites using high pressure oxygen gas in crystal growth. We also note that anion-deficient perovskites provide a route to other new materials and properties. 
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Calculation Details
A bond-valence approach has been used to calculate the direction and magnitude of the dipole moments for each tetrahedron. The local dipole moment of a tetrahedron can be calculated using the Debye equation, μ=neR (μ is the net dipole moment in Debye, n is the total number of electrons, e is the charge on an electron, and R is the distance in cm between the "centroids" of positive and negative charge). S11,S12 The distribution of electrons on each atom was estimated using bond valence theory. S13,S14 To calculate the net dipole moment along each chain, we normalized the unit cell to Fig. S1 . Powder X-ray diffraction patterns of precursors. 
Fig. S6
shows the isothermal field-dependent magnetization along the b-axis following slow cooling (2 K/min from above room temperature to 260 K, 0.5 K/min from 260 to 90 K, and 2 K/min from 90 to 10 K) to 10 K in either +7 T or -7 T. A small vertical offset of the data is observed in either case, with opposite sign. We conclude that this small offset (not observed in the ZFC data, see Fig. 7 of main text) arises from a component in the sample that becomes magnetized during the field-cooling process. The nature of this extremely small ferromagnetic component is not known. However, the data of Fig. S6(a) demonstrate that it cannot be reversed by application of fields as high as 7 T. The small data offset (amounting to ~0.001 µ B /Co) can be subtracted by computing (M +7T -M -7T )/2, with the result shown in Fig. S6(b) , the same data plotted in Fig 7(d) of the main text. The remanent moment of ~0.0004 µ B /Co represents either the upper bound on the ordered moment of Ca 2 Co 2 O 5 under these conditions (almost three orders of magnitude less than that found for the fast cooling protocol (Fig.  7(b) main text) or a signal arising from some other unidentified weakly ferromagnetic impurity phase.
